During microbe-associated molecular pattern-triggered immunity more than 5000 Arabidopsis genes are significantly altered in their expression, and the question arises, how such an enormous reprogramming of the transcriptome can be regulated in a safe and robust manner? For the WRKY transcription factors (TFs), which are important regulators of numerous defense responses, it appears that they act in a complex regulatory sub-network rather than in a linear fashion, which would be much more vulnerable to gene function loss either by pathogen-derived effectors or by mutations. In this study we employed RNA-seq, mass spectrometry and chromatin immunoprecipitation-seq to find evidence for and uncover principles and characteristics of this network. Upon flg22-treatment, one can distinguish between two sets of WRKY genes: constitutively expressed and induced WRKY genes. Prior to elicitation the induced WRKY genes appear to be maintained in a repressed state mainly by the constitutively expressed WRKY factors, which themselves appear to be regulated by non-WRKY TFs. Upon elicitation, induced WRKYs rapidly bind to induced WRKY gene promoters and by auto-and cross-regulation build up the regulatory network. Maintenance of this flg22-induced network appears highly robust as removal of three key WRKY factors can be physically and functionally compensated for by other WRKY family members.
INTRODUCTION
During co-evolution with diverse pathogens plants have developed a highly complex and sophisticated innate immune system. A large array of plasma membrane-localized receptors recognize diverse microbe-associated molecular patterns (MAMPs) and thereby trigger appropriate signaling within a deeply interconnected network that ultimately enables proper transcriptional defense outputs (Tsuda and Somssich, 2015; Li et al., 2016a; Yu et al., 2017) . Transcription factors (TFs) are among the most largely expanded gene families in plants, and this is also manifested in the increasing number of genes encoding defense-associated TFs including WRKY factors (Lehti-Shiu et al., 2017) . The number of WRKY genes increased drastically from only one or two genes in green algae, 19-38 in liverworts and mosses, and expanded up to more than 160 in flowering plants (Mohanta et al., 2016) This expansion is clearly correlated with the multiple levels at which WRKY TFs operate within the complex MAMP-triggered and effector-triggered defense signal transduction cascades (Rushton et al., 2010; Banerjee and Roychoudhury, 2015) . Effector-triggered immunity (ETI) involves detection of specific virulence factors (effectors) mainly by dedicated intracellular host proteins thereby initiating a robust immune response (Cui et al., 2015) .
The growing numbers of WRKY factors enabled the plants to establish a very robust WRKY regulatory network due to high functional redundancy between the family members.
In Arabidopsis thaliana the WRKY TF gene family consists of 74 genes that can be sorted into subgroups based on the number and structure of the encoded conserved DNA-binding WRKY domains, which include the peptide sequence WRKYGQK and a Zn-finger motif (Eulgem et al., 2000; Duan et al., 2007) . WRKY TFs exert their regulatory functions by binding mainly to a DNA sequence (TTGACT/ C) termed the W-box. Although it is known that also the Wbox surrounding nucleotides have some influence on binding efficiency (Ciolkowski et al., 2008) and in a few instances alternative WRKY binding sequence motifs have been uncovered (Sun et al., 2003; van Verk et al., 2008; Zhou et al., 2018) , it remains an enigma how distinct members of this large and heterogeneous TF family modulate proper context-dependent transcriptional outputs mainly by binding to the W-box.
From numerous expression studies in Arabidopsis, it became evident that nearly all WRKY family members (72 out of 74) are expressed, and the majority can be transcriptionally activated upon pathogen challenge or under abiotic stress conditions. Based on sequence inspection many of the Arabidopsis WRKY genes harbor several W-boxes within their regulatory regions, suggesting that WRKY factors may be involved in modulating WRKY gene expression. Indeed, already Eulgem et al. (1999) provided functional support for this assumption, revealing that activation of parsley PcWRKY1, which is involved in early host defense responses triggered by a cell-wall-derived oomycete elicitor, is mediated by a specific arrangement of W-boxes within its promoter region. Subsequent in vivo chromatin immunoprecipitation (ChIP) assays uncovered two intriguing details, namely that: (i) upon transcriptional activation, WRKY factors can bind to their own native promoters indicating feedback regulation; and (ii) that functionally important W-box elements required for gene activation are bound by distinct WRKY TFs in the induced state while they are pre-occupied by other WRKY TFs in the uninduced state (Turck et al., 2004) . The exchange of WRKY factors upon elicitation is in agreement with our previous work demonstrating that some defense gene promoters were already bound by WRKY proteins different from WRKY33 prior to inoculation with Botrytis cinerea spores, while WRKY33 bound to these sites after infection (Birkenbihl et al., 2012) . These and other findings led to the hypothesis that WRKY TFs not only act in combination with other TFs to modulate overall transcriptional immune outputs, but also form a regulatory sub-network in which functionally interconnected members of the family act via positive and negative feedback mechanisms to tightly control various defense pathways ( € Ulker and Somssich, 2004; Eulgem and Somssich, 2007; Pandey and Somssich, 2009) .
Over the past few years, extensive studies in Arabidopsis and rice have provided further support to this hypothesis (Berri et al., 2009; Choura et al., 2015) . In rice, the transcriptional repressor OsWRKY13 involved in cross-talk between abiotic and biotic stress signaling pathways was shown to target in vivo the promoters of OsWRKY45-1, OsWRKY45-2 and OsWRKY42, as well as its own native promoter (Tao et al., 2009; Xiao et al., 2013; Cheng et al., 2015) . OsWRKY6 influences resistance to Xanthomonas oryzae pv. oryzae by directly targeting and positively regulating OsWRKY6 gene expression (Choi et al., 2015) , whereas OsWRKY53, an important regulator of brassinosteroid signaling, directly targets and negatively regulates OsWRKY53 expression (Tian et al., 2017) . In pepper, CaWRKY22 is a positive regulator of resistance toward Ralstonia solanacearum (Hussain et al., 2018) . CaWRKY22 binds to the promoter of CaWRKY40 and also upregulated the expression of CaWRKY6 and CaWRKY27, while downregulating CaWRKY58. Similarly, in Arabidopsis, AtWRKY33 targets its own gene promoter in a positive feedback loop required for resistance to B. cinerea (Mao et al., 2011) . AtWRKY10/MINI3 binds to its own gene promoter and thereby recruits a co-factor, SHB1, that is important for seed cavity enlargement (Kang et al., 2013) . The AtWRKY49 gene promoter was identified as an in vivo target of the immune regulator AtWRKY22 (Hsu et al., 2013) . Moreover, two WRKY factors, AtWRKY12 and AtWRKY13, that oppositely regulate flowering under short-day conditions, directly target each other's gene promoter (Li et al., 2016b) . Finally, during abscisic acid (ABA) signaling, AtWRKY40 was shown in vivo not only to bind to its own gene promoter, but also to the promoters of its closest related family members AtWRKY18 and AtWRKY60 (Yan et al., 2013) .
Arabidopsis WRKY18, WRKY33 and WRKY40 were shown to play distinct roles in plant immunity. WRKY33 function is critical for defense toward B. cinerea (Zheng et al., 2006) . WRKY33 also interacts with the MAP kinase substrate MKS1 thereby impacting host defense responses upon bacterial infection (Andreasson et al., 2005; Qiu et al., 2008) . WRKY18 and WRKY40 were shown to act redundantly to negatively regulate resistance toward the powdery mildew fungus Golovinomyces orontii, but to positively affect AvrRPS4 ETI (Sch€ on et al., 2013) . wrky18 wrky40 double-mutant plants showed enhanced susceptibility toward the insect herbivore Spodoptera litoralis, but reduced colonization of their roots by Trichoderma asperelloides (Brotman et al., 2013; Schweizer et al., 2013) . Moreover, wrky18 wrky40 plants were more resistant to the virulent pathogen Pseudomonas syringae DC3000 (Xu et al., 2006; Lozano-Dur an et al., 2013) .
The extent of WRKY factors directly targeting diverse members of the WRKY gene family upon stimulation was recently demonstrated by two genome-wide studies employing ChIP-seq. During the early interaction of Arabidopsis with the fungus B. cinerea AtWRKY33 was shown to target its own gene promoter and 18 additional WRKY gene loci . In the case of MAMP-triggered immunity (MTI), treatment of Arabidopsis seedlings with flg22, a peptide derived from the bacterial flagellum (Felix et al., 1999) , revealed binding of AtWRKY18, AtWRKY33 and AtWRKY40 to 22, 20 and 27 WRKY gene loci, respectively, within the first 2 h post-elicitation (Birkenbihl et al., 2017) . Although promoter binding by these TFs at the investigated time point did not always alter target gene expression, in many cases binding was associated with either activation or repression suggesting extensive positive and negative auto-and cross-regulation.
In this study a genome-wide systematical approach was undertaken to investigate the WRKY regulatory network of early MTI. By employing RNA-seq, mass spectrometry (MS) and ChIP-seq, we analyzed the consequences of flg22 elicitation on WRKY gene expression, WRKY protein abundances and WRKY factor binding to WRKY gene promoters. This analysis revealed that constitutively expressed WRKYs seem to be repressors of flg22-induced WRKY genes, and to be replaced by induced WRKYs upon elicitation, which then build up the network by WRKY factor cross-and auto-regulation. We also show that the network was capable to compensate for the removal of the three highly interconnected WRKY factors WRKY18, WRKY40 and WRKY33 (Choura et al., 2015) by replacing them with other WRKY TFs, thereby maintaining functionally flg22-induced resistance toward the virulent bacterium Pst DC3000.
RESULTS
The WRKY regulatory network of early MTI comprises both constitutively expressed and induced WRKY factors To assess the complexity and dynamics of the WRKY TF regulatory network of early MTI we first analyzed dynamics in the expression levels of WRKY genes and the abundances of WRKY proteins upon MAMP treatment. For WRKY transcript level analysis we used previously generated RNA-seq data (Birkenbihl et al., 2017) , which were based on RNA prepared from wild-type (WT) Col0 seedlings grown in liquid MS medium for 12 days, before they were treated for 1 or 2 h with the well-characterized MAMP flg22.
Two hours after flg22-treatment, 44 of the 74 Arabidopsis WRKY genes were clearly expressed above a threshold of four counts per million sequencing reads (cpm), which corresponded to about 100 reads in a sequenced library. Based on their expression dynamics, the WRKY genes were separated into two groups. Twenty-seven of the WRKY genes were clearly induced upon flg22-treatment more than twofold, while 17 were more-or-less constitutively expressed upon treatment with similar transcript levels upon treatment as in non-treated plants. Only two WRKY genes, WRKY49 and WRKY70, were downregulated more than twofold upon flg22-treatment. The expression levels of the different WRKY genes varied strongly, with induced WRKY33, 11, 6, 15, 40 and 29 reaching the highest levels at 1 or 2 h post-treatment ( Figure 1a ; Table S1 ).
In general, the RNA levels of the induced WRKY genes upon treatment reached significantly higher levels than the transcript levels detected for the constitutively expressed WRKY genes. For several WRKY genes the highest corresponding RNA levels were already found 1 h after flg22-treatment, suggesting that their functions may be related to early regulatory processes initiated prior to 2 h. Interestingly, among the constitutively expressed WRKY genes members of group I containing two WRKY domains were clearly overrepresented (Fisher test; P = 0.012; underlined in Figure 1 ; Eulgem et al., 2000) .
Dynamics of WRKY protein levels during early microbeassociated molecular pattern-triggered immunity Because the regulatory capacity of a TF often correlates with its abundance, and RNA levels of certain genes may not necessarily reflect the abundance of their respective proteins, we also monitored the dynamics of WRKY factor protein levels upon flg22 elicitation. For this, nuclear extracts of WT seedlings, non-treated or treated with flg22 for 2-h, were analyzed by MS. To enrich for WRKY proteins, an affinity enrichment-mass spectrometry analysis (AE-MS; Keilhauer et al., 2015) was performed employing an antibody directed against the highly conserved WRKY domain (designated anti-all-WRKY) potentially binding to most WRKY proteins (Turck et al., 2004) .
Following the AE-MS analysis using the anti-all-WRKY antibody, 26 different WRKY proteins were detected and quantified in the lysates of non-treated seedlings, while only four of them were detected at background levels and in single replicates in pull-downs using the pre-immune serum. The protein quantification of the enriched WRKY proteins is based on a label-free quantification algorithm (MaxLFQ) that uses more than 700 detected proteins in five independent biological replicates, which bind mainly unspecifically to the antibody agarose for normalization. The validity of this quantification approach is furthermore indicated by the high Pearson correlation (> 0.8) of LFQ intensities between samples from the 0 and 2 h experiments. The same WRKY proteins and additionally WRKY30 were identified in the immunoprecipitates (IPs) of lysates from flg22-treated seedlings (Figure 1b ; Table S2 ). For 14 of them, WRKY6, 8, 11, 18, 22, 25, 28, 29, 30, 33, 40, 48, 53 and 75 (all belonging to the group of induced WRKY genes on the RNA level), the protein levels were statistically significantly elevated after flg22-treatment by more than twofold (WRKY45 only 1.5-fold) compared with their levels in non-treated seedlings. From this group only WRKY7, WRKY45 and WRKY47 had slightly reduced or similar levels upon flg22-treatment as in non-treated seedlings, respectively. The protein levels of 10 WRKY proteins, belonging to the constitutively expressed WRKY genes, WRKY1, 3, 4, 19, 20, 26, 32, 57, 60 and 69, did not change in abundance upon flg22-treatment. Thus, the analysis of WRKY protein levels showed a similar induction pattern as found for their RNA transcripts thereby confirming the classification of the WRKY genes into the two sets, induced and constitutively expressed WRKY genes (Figure 1b) . Some WRKY genes with relative high transcript levels, such as WRKY15 and WRKY17 for the induced, and WRKY16 for the constitutively expressed WRKY genes, were not detected on the protein level. Reasons for this could be that their protein amounts were just below the detection limit, or that they were not bound by the antiall-WRKY antibody and thus not enriched for MS analysis.
Beside confirming the two sets of constitutively expressed and induced WRKY factors also on the protein level, this experiment gave us valuable information regarding the capability of the anti-all-WRKY antibody to recognize many different WRKY proteins, which was important with respect to the use of this antibody for subsequent ChIP-seq studies.
WRKY factor binding to WRKY gene promoters
One central hypothesis underlying the WRKY regulatory network is that it involves extensive cross-regulation among many WRKY gene family members, and auto-regulation of single WRKY genes by means of positive or negative feedback loops.
From recent ChIP-seq experiments we extracted data showing which WRKY gene promoters were targeted by the strongly flg22-induced and highly expressed genes WRKY18, WRKY40 and WRKY33 (Birkenbihl et al., 2017) . In that study complementation lines expressing HA-tagged versions of WRKY18, WRKY40 and WRKY33 from their WRKY genes belonging to group I are underlined. Error bars represent the standard deviation of three replicates. Significant changes in expression upon treatment were calculated by moderated t-test with samples below a 0.05 P-value cutoff marked with an asterisk. All numbers, including overshooting values, are listed in Table S1 . (b) WRKY protein levels. WRKY proteins in nuclear lysates from seedlings, non-treated or treated for 2 h with flg22, were enriched by IP using the anti-all-WRKY antibody and subsequently identified and quantified by mass spectrometry (MS). Displayed are average label-free quantification (LFQ) intensities with standard deviations from five independent biological replicates. P-values from Student's t-test statistics are indicated as follows:
own promoters in the respective knockout mutant lines were used as no high-quality WRKY-specific antibodies appropriate for ChIP-seq experiments existed. Binding sites for each of the three WRKY factors were determined by comparing site-specific accumulation of ChIP-seq reads of the three WRKY-HA lines with equally treated WT samples not containing HA-tagged proteins. All three WRKY proteins bound to a set of about 30 WRKY genes (Birkenbihl et al., 2017) . This represents about 40% of all WRKY genes within the genome demonstrating that WRKY factor binding to this gene family was highly overrepresented compared with all targets, which represented only about 5% of all Arabidopsis genes. While there was some weak binding of WRKY18 due to low transgene expression also in the non-elicited state, WRKY33 and WRKY40 binding were almost exclusively observed after flg22-treatment. Binding of all three WRKY proteins was observed predominantly at the promoters of the induced WRKY genes and in nearly all instances to W-box motifs (TTGACT/C), the DNA element known to be bound by WRKY factors. The only constitutively expressed WRKY gene bound by all three WRKY factors was WRKY60. In almost all cases simultaneous binding of WRKY18 and WRKY40 was observed, consistent with the earlier observation that they can bind to DNA as heterodimers (Xu et al., 2006) . Moreover, each of the three WRKY proteins bound to its native gene promoter indicating potential feedback auto-regulation ( Figure 2a ; Table S3 ).
It has been reported that W-boxes are overrepresented in upstream regions of WRKY genes compared with all genes, which was taken as an indication that WRKY factors regulate WRKY genes (Dong et al., 2003; Llorca et al., 2014) . We analyzed the 1500-bp upstream region of all WRKY genes, and found for the induced WRKY genes compared with the constitutively expressed WRKY genes Wboxes clearly enriched 3.8 versus 2.2 W-boxes ( Figure S1 ). In line with this we observed at some promoters of the inducible WRKY genes, for example WRKY6, 11, 15, 17, 18, 40, 48 and 53, multiple binding peaks of the WRKY factors ( Figure S3 ). WRKY27, WRKY31, WRKY36 and WRKY52, even though belonging to the group of induced WRKY genes, were not bound by any of the three WRKY factors at the investigated time point. From this experiment we concluded that the induced WRKY factors WRKY18, WRKY40 and WRKY33 upon elicitation bind to most of the promoters of the flg22 inducible WRKY genes to regulate their expression.
To monitor potential binding by additional WRKY proteins besides WRKY18, WRKY40 and WRKY33, we performed ChIP-seq experiments on WT seedlings employing the anti-all-WRKY antibody, which was capable of recognizing at least 27 different WRKY proteins in our MS experiments. As expected, we observed WRKY factor binding to nearly the same set of induced WRKY gene promoters upon flg22-treatment, and again only binding to WRKY60 of the constitutively expressed WRKY gene set. Intriguingly, however, binding now was also detected without flg22-treatment at the same sites ( Figure 2b ; Table S3 ), indicating that the WRKY promoter binding sites of the induced WRKY genes were already pre-occupied by WRKY factors different from WRKY18, WRKY40 and WRKY33 prior to elicitation.
To firmly exclude WRKY18, WRKY40 and WRKY33 binding, we subsequently used the same experimental setup on wrky18 wrky40 wrky33 triple-mutant seedlings employing the anti-all-WRKY antibody for ChIP-seq. The detected binding pattern was basically the same as with WT seedlings, indicating that in the elicited state WRKY18, WRKY40 and WRKY33 had been replaced by other WRKY factors binding to the same WRKY promoter sites (Figure 2c) .
The results from all ChIP-seq experiments are illustrated in Figure 2 (d) using the Integrated Genome Viewer (IGV; Thorvaldsd ottir et al., 2013) . This visualization shows the detected WRKY binding peaks at the promoter of the induced WRKY30 gene and co-localization of W-boxes with the positions of these peaks. Figure 3 (a) provides an additional example from the promoter of induced WRKY15. Besides WRKY factor binding to expressed WRKY genes we also observed binding to six WRKY genes that were not expressed under the conditions we used (Figure 2 ).
Induced WRKY genes appear to be mainly regulated by WRKY factors, whereas this is not the case for the constitutively expressed WRKY genes DNAse hypersensitive sites (DHSs) indicate locations of open chromatin mainly in promoters of actively transcribed genes (Jiang, 2015) . These sites are accessible and can be bound by transcriptional regulators like TFs. Recently, genome-wide maps of DHSs have become available (Zhang et al., 2012; Sullivan et al., 2014) . We compared the WRKY binding peak locations from our ChIP-seq experiments with a map of DHSs from non-treated Arabidopsis young leaf tissue (Zhang et al., 2012) by integrating the DHS map positions into the IGV browser. This comparison revealed an almost perfect overlap of DHSs and WRKY binding sites for most of the induced WRKY genes. In most cases even the binding site peaks and centers of the DHSs co-localized and culminated at W-boxes, indicating occupation of these DHSs by WRKY factors, possibly functioning as transcriptional regulators of the associated WRKY genes. As an example, Figure 3(a) shows the locus of the induced WRKY15 gene. Here three DHSs within the 2.5-kb region upstream of the transcription start site (TSS) align with the main WRKY binding sites and culminate at W-boxes. Because the 0 h data from ChIP-seq and the DHSs data were both derived from non-treated material, this indicates that already prior to elicitation these key regulatory sites are mainly occupied by WRKY factors. These WRKY factors must be different at least from WRKY40 and WRKY33, which showed binding only upon flg22-treatment. This assumption is further validated by the ChIP-seq data obtained with the wrky18 wrky40 wrky33 triple-mutant (Figure 2c ). Another DHS is localized at the 3'-end of WRKY15, which may represent an enhancer site Table S3 ). also bound by WRKY factors. For 21 of the 27 induced WRKY genes we found DHSs within their promoter regions, which co-localize with WRKY binding peaks and W-boxes ( Figure S3 ). This pronounced co-occurrence suggests that the induced WRKY genes are regulated mainly by WRKY factors.
The situation is clearly different at the gene loci of the constitutively expressed WRKY genes, as exemplified for the WRKY2 gene locus shown in Figure 3(b) . Here, one prominent DHS is located close to the TSS, indicative of a regulatory binding site. However, no WRKY factor binding is observed and this region lacks W-box motifs. Ten of the 17 loci of constitutively expressed WRKY genes show a similar constellation; three do have a DHS that co-localized with W-boxes but show no WRKY factor binding, and at three of the loci no DHS is observed. Only WRKY60 has a DHS encompassing a Wbox and also showed WRKY binding while its transcript levels remain unchanged 2 h post-flg22-treatment (Figure S3 ). Together these data suggest that the constitutively expressed WRKY genes, possibly excluding WRKY60, are almost exclusively modulated by non-WRKY-type transcriptional regulators.
In the non-elicited state flg22-induced WRKY genes are likely repressed by constitutively expressed WRKY factors
In an earlier study application of the protein biosynthesis inhibitor cycloheximide (CHX) to otherwise non-treated Arabidopsis seedlings revealed that more than 80% of all rapidly elicited flg22-responsive genes were transcriptionally induced . This suggests that these CHX-induced genes are under negative control by repressors with short half-lives that cannot be replenished when protein biosynthesis is blocked. In a different study employing Affymetrix ATH1 microarrays covering nearly 22 000 Arabidopsis genes, almost all of the flg22-induced WRKY genes identified here were among the CHX-induced genes, but only three of the constitutively expressed WRKY genes when applying a threshold of at least twofold upregulation (William et al., 2004;  Figure 4 ; Table S4 ). This implies that the flg22-induced WRKY genes are negatively regulated by protein factors. As our ChIP experiments clearly detect WRKY binding in the non-elicited state predominantly at the promoters of the induced WRKY genes and these binding sites co-localized with major DHSs, this strongly suggests that repression of the flg22-induced WRKY genes in the non-elicited state is mainly established by the WRKY factors encoded by the constitutively expressed WRKY genes.
To further test this assumption we compared the transcript levels of induced WRKY genes in non-treated WT plants and plants carrying mutations in different constitutively expressed WRKY genes. Overall, there was a tendency that some induced WRKY genes are slightly higher expressed in some of the mutant plants (Table S5) , suggesting negative regulation by the corresponding constitutively expressed WRKY gene. However, the fold changes in transcript levels were much lower than those observed upon CHX treatment or upon induction by flg22-treatment, while the standard deviations for the three replicates were rather large. Very likely functional genetic redundancy among the constitutively expressed WRKY genes is responsible for the weak effects observed. Thus, the generation of higher order mutants will be required to resolve this issue.
Robustness of the WRKY regulatory network
Upon elicitation, the expression of WRKY18, WRKY40 and WRKY33 is strongly induced and their encoded TFs rapidly bind to the promoters of most of the induced WRKY genes. Nevertheless, we showed that upon removal of all three factors from the WRKY regulatory network by using the wrky18 wrky40 wrky33 triple-mutant, the corresponding binding sites in these promoters were now occupied by other WRKY factors (Figure 2c ). To investigate whether the absence of these three WRKY genes from the WRKY network had a consequence on the induced transcript levels of all WRKY genes, we performed RNA-seq experiments Figure 1a ). (b) Fold changes of WRKY transcript levels from Arabidopsis seedlings treated with CHX for 3 h compared with mock-treated seedlings. The CHX data were extracted from previously published ATH-1 microarrays (William et al., 2004) . nd marks WRKY genes not present on the ATH-1 chip (related to Table S4 ).
comparing the expression levels of the WRKY genes between WT and the triple-mutant after 2 h flg22-treatment. Intriguingly, expression patterns of the WRKY genes remained the same in the triple-mutant and in WT seedlings with respect to flg22 inducibility and transcript levels ( Figure 5 ; Table S6 ). Significant changes in transcript levels between the two genotypes were only observed for the three mutated WRKY genes. Even though we cannot completely exclude the possibility that the loss of WRKY18, WRKY40 and WRKY33 was compensated for by some other TFs possibly binding to other sites, our experimental results suggest that they were replaced by other WRKY factors not only physically as shown by ChIP, but also functionally as seen by unaltered WRKY gene transcript levels highlighting the robustness of the WRKY network.
We also tested whether flg22-induced resistance toward virulent P. syringae (Pst DC3000) is altered in the wrky18 wrky40 wrky33 triple-mutant compared with WT plants. WRKY18, WRKY40 and WRKY33 have been shown to be significantly upregulated upon Pst DC3000 inoculation (Microarray AT-00202 extracted from Genevestigator website) and to affect growth of this bacteria in planta (Zheng et al., 2006; Lozano-Dur an et al., 2013) . Four-week-old Arabidopsis Col-0 plants were first infiltrated with flg22 and 24 h later syringe infiltrated with the bacterium. The flg22-induced resistance phenotype was scored after 3 days and revealed no difference between the triple-mutant and WT, while fls2 control plants were more susceptible ( Figure 6 ). When we repeated this experiment, but this time with Pst spray inoculation, we got the same result ( Figure S2 ). This is a further indication of the robustness of the WRKY regulatory network in MTI.
DISCUSSION
Our systematical analysis of the WRKY TF family potentially involved in early MTI identified two distinct sets of WRKY genes. One set, comprising 27 genes, showed enhanced expression within 2 h following flg22-treatment, and 15 of their encoded proteins showed elevated levels detected by MS upon elicitation. The second set, comprising 17 WRKY genes, showed more-or-less unaltered expression upon flg22-treatment, and 10 of their encoded proteins were also identified by MS and showed unaltered levels, justifying the separation of the expressed WRKY genes into the two groups also on the protein level. This classification of the two groups was also supported by the finding that all of the 19 flg22 upregulated WRKY genes detected in a previous report were also identified in our study as being upregulated. This categorization of the WRKY genes holds true also under pathogen infection conditions and under quite different experimental setups. In an extensive transcriptome analysis (Lewis et al., 2015) , 22 of the 27 induced WRKY genes were also induced 2 h after Pst DC3000 infiltration, while 15 of the 17 constitutively expressed WRKY genes in our study were also not induced (Table S8) .
Detailed analysis of our previous ChIP-seq data (Birkenbihl et al., 2017) for WRKY genes that were direct targets of three strongly and rapidly flg22-induced WRKY factors, WRKY18, WRKY40 and WRKY33, revealed that they predominantly target the promoters of the flg22-inducible WRKY genes including their own gene promoters upon elicitation. These findings are consistent with previous reports showing that WRKY gene promoters are enriched for W-boxes compared with all genomic gene promoters (Dong et al., 2003; Llorca et al., 2014) , and with co-expression studies revealing that 70% of the Arabidopsis WRKY genes analyzed are co-regulated with other WRKY factors (Berri et al., 2009; Choura et al., 2015) , suggesting extensive cross-regulation within this gene family. Moreover, several individual studies have clearly pointed to a functional linkage of many WRKY genes by auto-and crossregulatory mechanisms (Eulgem and Somssich, 2007; Hu et al., 2012; Yan et al., 2013; Cheng et al., 2015; Li et al., 2016b) , a hypothesis that has gained strong additional support by another recent genome-wide study in Arabidopsis .
An intriguing but unresolved question is why do the three WRKY factors mainly target selected W-boxes within inducible WRKY gene promoters but not in the constitutive WRKY gene promoter set? We examined the W-box numbers in the 1500-bp upstream regions of all WRKY genes, and found that on average significantly more W-boxes are present within this region in the induced than in the constitutively expressed WRKY gene promoters (3.8 versus 2.2 motifs; P = 0.00059994; non-parametric bootstrap test with 10 000 iterations; Figure S1 ; Table S1 ). However, whether this difference in binding site numbers alone is sufficient to explain this discrepancy remains doubtful. Clustering of TF binding motifs for the same TFs, so-called homotypic clusters, within promoter-proximal regions and enhancers has been suggested to maintain transcriptional robustness and to preserve stress responsiveness against cis-regulatory mutations (Barah et al., 2016) . Interestingly, our ChIPseq data show that there is not only a higher number of W-boxes in the promoters of induced WRKY genes, but also that in many cases several of these sites were bound by the WRKY factors (i.e. for WRKY6, 11, 15, 17, 48, 53 ; Figure S3 ). Whether such binding additively or synergistically enhances expression or increases specificity remains to be determined. Note, however, that ChIP experiments cannot distinguish whether multiple WRKY factor molecules bind simultaneously to such a site on a single DNA molecule or whether different WRKY factors bind the same site on different DNA molecules originating from distinct cells.
Differences in the local topography of the genomic promoter regions between the two sets of WRKY genes and/or a preference for distinct combinations of additional TF binding sites may also contribute to whether these genes are competent to respond to the MAMP flg22 or not. In this respect, it is interesting to note that the promoter of WRKY71 contains numerous W-boxes and is bound by all three tested WRKY factors upon elicitation, yet it does not appear to be expressed (Figures 2 and S3) . Thus, additional promoter properties seem to be required to enable flg22-induced gene expression. Furthermore, expression of several of the WRKY genes that fail to respond to flg22 elicitation have been demonstrated to be affected by other internal and external stimuli. For instance, WRKY71 responds to abiotic stresses and promotes shoot branching and flowering (Guo and Qin, 2016; Yu et al., 2016) . Expression of WRKY1, WRKY2 and WRKY57 is modulated by the phytohormone ABA (Jiang and Yu, 2009; Jiang et al., 2012; Qiao et al., 2016) , and WRKY57 is also induced by B. cinerea and Pst DC3000 infection (Jiang and Yu, 2016) . WRKY26 responds strongly to elevated temperature , while various abiotic treatments affect WRKY3 and WRKY4 expression (Lai et al., 2008) . Thus, these genes have the competence to respond to appropriate signals.
A key finding of our genome-wide study is that early MAMP-triggered upregulation at WRKY gene loci appears to involve rapid displacement of pre-bound WRKY repressors at functional W-box elements by activated WRKY family members. Such a mechanism has been proposed earlier based on a limited study in parsley (Turck et al., 2004) , but how general such a mechanism is remained unclear. It is important to note that WRKY factor binding in the non-elicited state was restricted to those same W-box motifs to which WRKY18, WRKY40 and WRKY33 subsequently bound upon flg22 stimulation. Our conclusion is Figure 5 . Flg22-induced WRKY gene expression in wild-type (WT) and in the wrky18 wrky40 wrky33 triple-mutant. WT (a) and wrky18 wrky40 wrky33 (b) total RNA from untreated (0 h) or 2 h flg22-treated seedlings were analyzed by RNA-seq. Indicated are counts per million sequencing reads (cpm) for the two time points and both genotypes. Arrows point to the mutated genes in the triple-mutant. Error bars represent the standard deviations of three replicates. Significant changes in expression upon treatment were calculated by moderated t-test with samples below a 0.05 P-value cutoff marked with an asterisk. All numbers are listed in Table S6. further supported by the fact that treatment of naive seedlings with the protein synthesis inhibitor CHX activated expression of almost all flg22-induced WRKY genes, but only three of the constitutively expressed ones (Figure 4 ; William et al., 2004) , indicating that the gross of the induced WRKY genes are under negative control by repressor proteins. Moreover, alignment of the WRKY binding sites in the promoters of the induced WRKY genes with the DHSs derived from naive young leaf tissue (Zhang et al., 2012) , which serves as a proxy for regions of open chromatin encompassing active enhancers (Zhu et al., 2015) , revealed for most promoters co-localization of DHSs with WRKY binding peaks and W-boxes (Figures 3 and S3) . One must note, however, that CHX has been shown to exert additional modes of action independent of its protein synthesis inhibitor activity (Kim Do et al., 2011; Brown et al., 2012) . Together these findings indicate that constitutively expressed WRKY factors participate in repressing the induced WRKY genes in the non-elicited state. An alternative model, although not mutually exclusive, could be that the WRKY factors form a platform at W-box promoter sites for additional regulatory co-factors. Such a platform would enable repressors to associate and restrict expression in the uninduced state while enabling new factors, including the induced WRKY factors, to displace certain repressive components from the complex upon induction by flg22. The constant presence of such WRKY complexes may also contribute to maintaining an open chromatin environment, which would be consistent with their co-localization to the observed DHSs. In contrast, constitutively expressed WRKY gene promoters often reveal only one prominent DHS located close to the TSSs, which do not co-localize with W-boxes, indicating that regulatory proteins other than WRKY factors modulate and maintain their expression.
In our analysis, we observed WRKY factor binding only to a fixed set of W-boxes that account for less than 5% of the nearly 140 000 W-boxes present in the Arabidopsis genome. This became obvious when employing the antiall-WRKY antibody in ChIP assays. Basically, the same binding patterns emerged for all four analyzed samples, WT and the wrky18 wrky40 wrky33 triple-mutant, before and after elicitation ( Figure S3) . Merely, the identity of the binding WRKY factors at such sites appear to change upon elicitation as was shown for WRKY18, WRKY40 and WRKY33. These findings are in complete agreement with the observation that upon B. cinerea infection WRKY33 also bound only to W-boxes from this set . Moreover, this finding is also consistent with recent results employing in vitro expressed WRKY TFs to interrogate genomic DNA binding using DAP-seq (O'Malley et al., 2016) . Although this in vitro mapping method detected more W-box-containing regions bound by the various WRKY factors tested, a comparison with our ChIP-seq data revealed very good agreement particularly at major WRKY factor binding sites.
How do the WRKY factors encoded by the constitutively expressed WRKY genes repress gene expression? Although WRKY TFs are capable of acting as activators or repressors (Rushton et al., 2010) a systematic analysis in this respect of the individual WRKY family members has not been performed. Next to such potential intrinsic capabilities, these WRKY TFs may recruit co-repressors that help to fulfill such functions. Interestingly, group I WRKY TFs that are clearly overrepresented among the constitutively expressed WRKY genes have been shown by yeast-2-hybrid studies to preferentially interact with a family of repressors termed VQ proteins (Cheng et al., 2012; Pecher et al., 2014; Jing and Lin, 2015) . VQ proteins do not possess DNA-binding capability but interact via their VQ domain with the DNA-binding domain of the WRKY TFs. Transient assays in Arabidopsis protoplasts showed that several VQ proteins are rapidly phosphorylated and subsequently degraded upon flg22-treatment (Pecher et al., 2014) . Thus, it is conceivable that VQ proteins participate as co-repressors of the induced WRKY genes prior to their activation. Interestingly, 17 of the 34 Arabidopsis genes encoding VQ proteins were identified as direct target genes in our ChIP-seq experiments for WRKY18, WRKY40 or WRKY33, and the experiments using the anti-all-WRKY antiserum (Table S7 ). This suggests that the flg22-induced WRKY factors act in a feed-forward loop to positively regulate the expression of the VQ co-repressor genes whose increased activities subsequently result in the downregulation of the induced WRKY genes. This mode of regulation could ensure a dynamic function by which some early MAMP responses are rapidly activated but subsequently dampened to avoid unnecessary prolonged stress to the plants.
Another major finding of our study was that eliminating three major WRKY factors involved in MTI had little consequence on the overall response of the seedlings to the MAMP flg22 and also did not alter flg22-induced resistance of the plants toward infection with the virulent pathogen Pst DC3000. This is very likely due to substitution of these WRKY TFs by other activated WRKY factors at the same functional W-box motifs within the inducible WRKY gene promoters. This result was somewhat unexpected considering the fact that WRKY18, WRKY40 and WRKY33 are predicted to be among the major hubs with a high degree of connectivity within the WRKY network (Choura et al., 2015) . It is, however, consistent with the fact that single WRKY mutants rarely display clear altered plant defense phenotypes, and highlights an inherent feature of WRKY TFs, namely their functional redundancy in defense signaling. Recently, both Le Roux et al. (2015) and Sarris et al. (2015) demonstrated that the R. solanacearum effector PopP2 targets multiple WRKY TFs, thereby disrupting their DNA-binding capabilities and transactivating functions required for host defense gene expression. Thus, the redundancy observed within the WRKY TF family probably reflects the need to maintain essential regulatory functions at various levels of the immune network thereby ensuring flexibility and robustness of the system.
EXPERIMENTAL PROCEDURES Plant materials
For the experiments, plants of the A. thaliana ecotype Columbia (Col0) were used. Besides WT plants the triple-mutant wrky18 wrky33 wrky40, obtained by crossing of insertion mutants for WRKY18 (GABI_328G03), WRKY40 (SLAT collection of dSpm insertion lines; Shen et al., 2007) and WRKY33 (GABI_324B11), was used. The complementation lines pWRKY33:WRKY33-HA (Birkenbihl et al., 2012) , pWRKY18:WRKY18-HA and pWRKY40:WRKY40-HA (Birkenbihl et al., 2017) expressing the transgenes in the respective single-mutants have been described earlier.
To analyze WRKY gene transcript levels of induced WRKY genes the following mutant lines for constitutively expressed WRKY genes were used: wrky1 (Salk 016911), wrky2 (GABI_024B05), wrky3 (SALK_119051), wrky4 (SALK_073118), wrky9 (SALK_ 067122), wrky14 (SALK_072797), wrky16 (SALK_001360), wrky19 (GABI_158D11), wrky20 (GABI_062C10), Ler wrky26 (CSHLabs 1704), wrky32 (GABI_225E04), wrky57 (SALK_006260), wrky65 (SALK_050247). The primers used for quantitative polymerase chain reaction (qPCR) are listed in Table S8 .
Seedling cultures and flg22-treatment
For seedling cultures, seeds were surface sterilized with ethanol and grown in liquid 1 9 MS medium supplemented with 0.5% sucrose and 0.1% of the antibiotic substance claforan. Twelveday-old seedlings grown in a light chamber under long-day conditions (16 h light/8 h dark) were treated with flg22 or mock-treated by replacing the growth medium with medium containing 1 lM flg22 or not.
Pseudomonas syringae infection of flg22 infiltrated plants
For flg22-induced resistance assays, leaves from 4-week-old plants, grown on Jiffy pots under long-day conditions, were first syringe-infiltrated with 1 lM flg22 or water (mock). After 24 h a Pst DC3000 suspension at 1 9 10 5 cfu ml À1 was infiltrated into the pretreated leaves from each genotype. Alternatively, inoculation was carried out by spraying Pst at 0.2 OD in 10 mM MgCl 2 , 0.04% Silvet. Three days after bacterial inoculation, leaf disks (5 mm diameter) were excised from four treated leaves, homogenized and subsequently used to determine in planta bacterial titers by plating dilutions of the lysates on fresh NYGA agar plates. Means and standard errors were calculated from six biological replicates.
Chromatin immunoprecipitation-seq experiments
The ChIP-seq experiments and analysis of data employing the complementation lines pWRKY33:WRKY33-HA, pWRKY18:WRKY 18-HA and pWRKY40:WRKY40-HA had been conducted earlier and described in Birkenbihl et al. (2017) , and the data deposited at the GEO repository under the accession number GSE85922.
The ChIP-seq experiments with WT and the wrky18 wrky33 wrky40 triple-mutant were done in the same manner, but this time using an antiserum raised against the conserved WRKY domain (anti-all-WRKY; Turck et al., 2004) recognizing many different WRKY proteins, again following the modified protocol of Gendrel et al. (2005) . To prepare the ChIP-seq libraries, the DNA was first amplified by two rounds of linear DNA amplification (LinDA; Shankaranarayanan et al., 2011) and then libraries were constructed with the DNA Smart ChIP-seq kit (Clontech Laboratories, Saint-Germain-en-Laye, France, Cat. No. 634865). The libraries were sequenced at the Max Planck Genome Centre Cologne with an Illumina HiSeq2500, resulting in 10-20 million 150-bp singleend reads per sample.
The ChIP-seq data analysis was also done as described earlier (Birkenbihl et al., 2017) , only using a more recent version of Bowtie (version 2.0.5; default settings; Langmead and Salzberg, 2012) for the read alignment. To subsequently remove non-uniquely mapping reads, the alignment output was filtered for mapping quality using SAMtools (version 0.1.18; Li et al., 2009 ) view with option -q 10. The ChIP-seq data created in this study have been deposited at the GEO repository under the accession number GSE109149.
To obtain more comprehensive peak sets both for the new and the previously published ChIP-seq data, we here included also those peaks in our downstream analyses that were initially identified by QuEST (Valouev et al., 2008) but rejected by the tool after peak calling.
RNA-seq experiments and quantitative reverse transcription-polymerase chain reaction
The initial WRKY gene transcript level data for WT flg22-treated for 0 h (mock), 1 and 2 h were taken from our previous publication (Birkenbihl et al., 2017) , with the data deposited at the GEO repository under the accession number GSE85922.
Additional RNA-seq experiments were performed to investigate differences in WRKY gene transcript levels between WT and the wrky18 wrky33 wrky40 triple-mutant upon flg22-treatment. For this seedlings of the two genotypes were grown separately for each treatment (mock, 2 h flg22) in three parallel liquid culture sets representing three biological replicates that were also processed and sequenced separately. Total RNA was prepared as described (Birkenbihl et al., 2017) and sequenced at the Max Planck Genome Centre Cologne with an Illumina HiSeq2500, resulting in 20-30 million 100-bp single-end reads per sample. Mapping of the obtained reads to the Arabidopsis genome and data analysis was performed as described earlier (Birkenbihl et al., 2017) . The RNAseq data generated in this study have been deposited at the GEO repository under the accession number GSE109150.
Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was performed as described earlier using the primers listed in Table S9 (Birkenbihl et al., 2012) .
RNA-seq statistical analyses
For the RNA-seq data all statistical analyses were performed using the R package limma (Law et al., 2014) after TMM normalization and log2 transformation of the corresponding read count data. Specifically, a linear model with the explanatory variable 'genotype_time point' (i.e. encoding information on both genotype and time point after treatment) was fitted for each gene using the function lmFit (R package limma). Subsequently, moderated t-tests were performed over the different contrasts of interest, comparing the two time points after flg22-treatment with the untreated (0 h) samples for each genotype, and comparing mutant and WT samples at each time point. In all cases, the resulting P-values were adjusted for false discoveries due to multiple hypothesis testing via the Benjamini-Hochberg procedure, and expression differences were assumed to be significant if the adjusted P-value was smaller than 0.05.
To compare the number of W-boxes in the promoter region between induced and constitutive WRKYs, we performed a nonparametric bootstrap test (with 10 000 iterations).
Immunoprecipitation of WRKY proteins
Twelve-day-old WT seedlings were mock-treated or treated for 2 h with flg22, and 2 g material from each treatment ground in liquid nitrogen. The powder was processed as described in Gendrel et al. (2005) , in steps 7-17, which resulted in cleared nuclear lysates containing 1% sodium dodecyl sulfate. From each treatment 300 ll lysate was diluted 12-fold with EWB [50 mM Tris pH 7.5, 150 mM NaCl, 10% glycerol, 2 mM EDTA, 5 mM dithiothreitol (DTT)], plus 1% Triton and protease inhibitors, and pre-cleared with 100 ll proteinA agarose for 3 h. Each lysate was subsequently divided into two samples and incubated overnight either with anti-all-WRKY immune serum (Turck et al., 2004) or the corresponding pre-immune serum. The immune complexes were bound to proteinA agarose, washed five times with EWB, eluted twice with 50 ll 0.1% TFA and prepared for MS analysis.
Sample preparation for mass spectrometry
Proteins were denatured in 8 M urea, reduced with 1 mM DTT and alkylated with 5 mM iodoacetamide. Digestion was performed with 300 ng Lysyl endopeptidase (Wako Chemicals, Neuss, Germany) for 1 h at room temperature, followed by an overnight digest with 300 ng trypsin at 37°C. The digests were stopped with 45 ll 10% TFA and loaded on conditioned stagetips (Rappsilber et al., 2007) . The eluates were dried in a vacuum concentrator and dissolved in 2% ACN, 1% TFA prior to LC-MS/MS analysis.
Nano-LC-MS/MS
Peptides were separated using an EASY-nLC1000 UHPLC system (Thermo Fisher Scientific, Waltham, MA, USA) with a 20-cm column, packed in-house with ReproSil-Pur C18-AQ 1.9 lm resin (Dr Maisch GmbH, T€ ubingen). The column temperature was maintained at 50°C and the column was coupled to a Q Exactive mass spectrometer (Thermo Fisher Scientific) via a nanoelectrospray source. For pull-downs 0.5 lg of total peptides was loaded on the column and separated over a 120-min segmented linear gradient from 0 to 95% buffer B (80% ACN, 0.1% formic acid). The MS was operated in data-dependent mode, survey scans were obtained in a mass range of 300-1750 m/z, at a resolution of 70.000 at 200 m/z and an AGC target value of 3 E6. The 15 most intense ions were selected with an isolation width of 1.3 m/z, fragmented in the HCD cell at 25% collision energy, and the spectra recorded at a target value of 1 E5 and a resolution of 17 500. Peptides with a charge of +1 were excluded from fragmentation, the peptide match and exclude isotope features were enabled, and selected precursors were dynamically excluded from repeated sampling for 30 sec.
Data processing and quantification
Raw data were processed using the MaxQuant software package (version1.5.2.8, http://www.maxquant.org/; Cox and Mann, 2008) , and were searched against the Arabidopsis reference proteome (TAIR10_pep_20101214) and an additional database containing contaminants. The search was performed with full trypsin specificity and a maximum of two missed cleavages at a peptide and protein false discovery rate of 1%. Carbamidomethylation of cysteine residues was set as fixed, oxidation of methionine and Nterminal acetylation were set as variable modifications -all other parameters were left at default and LFQ and iBAQ quantification was enabled. The MaxLFQ algorithm integral to MaxQuant was used for LFQ (Cox et al., 2014) . The LFQ minimum ratio count was set to 1 and LFQ values were log2 transformed in the Perseus software package (Tyanova et al., 2016) . The data are summarized in Data S1.
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